Breast cancers are routinely assessed for estrogen receptor status using immunohistochemical assays to assist in patient prognosis and clinical management. Specific assays vary between laboratories, and several antibodies have been validated and recommended for clinical use. As numerous factors can influence assay performance, many laboratories have opted for ready-to-use assays using automated stainers to improve reproducibility and consistency. Three commonly used autostainer vendors-Dako, Leica, and Ventana-all offer such estrogen receptor assays; however, they have never been directly compared. Here, we present a systematic comparison of three platform-specific estrogen receptor ready-to-use assays using a retrospective, tamoxifen-treated, breast cancer cohort from patients who were treated in Calgary, Alberta, Canada from 1985 to 2000. We found all assays showed good intra-observer agreement. Inter-observer pathological scoring showed some variability: Ventana had the strongest agreement followed closely by Dako, whereas Leica only showed substantial agreement. We also analyzed each estrogen receptor assay with respect to 5-year disease-free survival, and found that all performed similarly in univariate and multivariate models. Determination of measures of test performance found that the Leica assay had a lower negative predictive value than Dako or Ventana, compared with the original ligand-binding assay, while other measures-sensitivity, specificity, positive predictive value, and accuracywere comparable between the three ready-to-use assays. When comparing against disease-free survival, the difference in negative predictive value between the vendor assays were not as extreme, but Dako and Ventana still performed slightly better than Leica. Despite some discordance, we found that all ready-to-use assays were comparable with or superior to the ligand-binding assay, endorsing their continued use. Our analysis also allowed for exploration of estrogen receptor-negative, progesterone receptor-positive cases, and we discovered that this phenotype was not consistent across the assays, suggesting this might be an artifact. Endocrine therapy is standard treatment for hormone receptor-positive breast cancers that can improve patient survival. 1-3 Estrogen receptor and progesterone receptor analysis is routinely performed by immunohistochemical assays on breast cancer specimens to classify hormone receptor status and determine patient prognosis and management. [1] [2] [3] [4] Eventually, immunohistochemical-based testing replaced the ligand-binding assay as the standard method for determining hormone receptor status. 5 The switch from ligand-binding assay to immunohistochemistry did not occur at a specific time point, and varied by location and laboratories between the mid-90s and early 2000s. Although estrogen and progesterone receptor are both routinely evaluated, patient management decisions are typically made on the basis of estrogen receptor results alone as the role of progesterone receptor in breast cancer patient management is not clearly established. 4 In 2009, the discovery of faulty testing and reporting of estrogen receptor levels in Newfoundland, Canada brought
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Here, we present a systematic comparison of three platform-specific estrogen receptor ready-to-use immunohistochemical assays using a retrospective tamoxifen-treated breast cancer cohort to: (i) evaluate observer agreement and concordance among the three ready-to-use assays; (ii) assess the prognostic ability of the ready-to-use assays, compared with the estrogen receptor ligand-binding assay, to predict response to tamoxifen; and (iii) calculate standard measures of test performance using (a) ligandbinding assay or (b) progression on tamoxifen, as the reference standards. In addition, we also did an exploratory analysis of the estrogen receptor-negative, progesterone receptor-positive phenotype to investigate whether this is a true subtype of breast cancers.
Materials and methods

Patient Cohort
The Calgary tamoxifen breast cancer cohort (Calgary cohort) is a retrospective database containing demographic, clinical, and pathological data for 819 breast cancer patients diagnosed between 1985 and 2000 at the Tom Baker Cancer Centre in Calgary, Alberta, Canada. Subjects were included in the study if they had a confirmed diagnosis of invasive breast carcinoma, received surgical intervention as their primary treatment (with or without postoperative local radiation therapy), and if they received adjuvant tamoxifen endocrine therapy (20 mg p.o./day). Subjects were excluded from the study if there was no surgical formalin-fixed paraffin-embedded archival tissue available, if they had a prior cancer diagnosis (except non-melanoma skin cancer), or if they received primary or adjuvant chemotherapy. Of the total cohort, 532 subjects met the criteria; for these, replicate 0.6-mm cores were taken from the archival tissue blocks built into tissue microarrays. 17 During the diagnosis period for this cohort, estrogen receptor ligand-binding assay was predominantly performed, and all patients were treated with tamoxifen regardless of estrogen receptor status as there was no definitive evidence at that time that estrogen receptor-negative patients did not respond to tamoxifen. 2, 3 Human epidermal growth factor receptor 2 (HER2) status was not routinely assessed at the time of diagnosis for patients in this cohort; retrospective HER2 assessment was performed by HER2 immunohistochemistry. Clinical-pathological characteristics of the patients from the Calgary cohort can be found in Table 1 .
Ligand-Binding Assay
During the diagnosis period of this cohort (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) , estrogen receptor status was predominantly assessed using dextran-coated charcoal binding assay at the provincial hormone receptor laboratory in Edmonton, Alberta, Canada. 18 Tumors were considered to be estrogen receptor-positive if the ligand-binding assay results were greater than 10 fmol/ml. Ligand-binding assay results are available for 411 cases (cases without ligand-binding assay results were assessed using immunohistochemistry by local laboratories with early adoption of new method).
HER2 Immunohistochemistry
HER2 immunohistochemistry was performed using the HercepTest pharmDx kit (Dako, SK001) according to kit instructions. Briefly, slides with 4-μm sections of the tissue microarrays were deparaffinized in xylene, rinsed in ethanol, and rehydrated. Heat-induced epitope retrieval was performed by heating the slides to 97°C for 40 min in a Dako PTLink using the epitope retrieval solution provided in the kit. Slides were then processed on a Dako Link48 autostainer using the HercepTest pharmDx program and kit-provided reagents. Kit-provided cell line controls were run in addition to a laboratorybuilt reference tissue microarray that contained duplicate cores from four samples for each HER2 score (0, 1+, 2+, and 3+).
Estrogen and Progesterone Receptor Immunohistochemistry
Immunohistochemistry on the Dako platform was performed using the ER/PR pharmDx kit (Dako, SK310) according to provided FDA-approved protocol. Briefly, tissue microarray slides were deparaffinized and rehydrated as previously described. Heat-induced epitope retrieval was performed by heating slides to 125°C in ER/PR pharmDx epitope retrieval solution for 5 min in a decloaking chamber (Biocare Medical, DC2002). Slides were then processed on a Dako Link48 autostainer using the kit reagents and preset program, including the ready-to-use pharmDx estrogen receptor antibody cocktail (monoclonal mouse antihuman ER clones ID5 and ER-2-123) and the pharmDx progesterone receptor antibody (monoclonal mouse anti-human PR clone PgR1294).
Immunohistochemistry on the Leica BOND-III staining platform was performed using the manufacturer's recommended protocol: Onboard epitope retrieval for 20 min using Bond Epitope Retrieval 1 for estrogen receptor (Leica, AR9961) and Bond Epitope Retrieval 2 for progesterone receptor (AR9640) followed by Protocol F. Using Protocol F, slides were incubated for 15 min with Novacastra ready-to-use mouse monoclonal antibody estrogen receptor clone 6F11 (RTU-ER-6F11) or Novacastra ready-to-use mouse monoclonal progesterone receptor antibody cocktail (clones 16 and SAN27; RTU-PGR-AB) using the Bond Polymer Refine Detection Kit (DS9800).
Immunohistochemistry on the Ventana Ultra platform was performed using the manufacturer's recommended settings. Mild Cell Conditioning 1 solution was used for heat-induced epitope retrieval. Slides were incubated for 16 min with the ready-to-use CONFIRM anti-estrogen receptor antibody (monoclonal rabbit anti-human ER clone SP1, Roche Diagnostics, 790-4324) or the ready-to-use CONFIRM anti-progesterone receptor antibody (monoclonal rabbit anti-human PR clone 1E2, 790-2223) and visualized using the ultraView Universal DAB Detection Kit (760-500).
Cell line controls from the Dako ER/PR pharmDx kit were run in addition to a laboratory built reference tissue microarrays for all vendor-specific assays.
All stained tissue microarrays showed consistent staining, including cores at the edge and corners, suggesting that the antibody was evenly applied by the autostainers during the staining process.
Immunohistochemistry Scoring
HER2, estrogen receptor, and progesterone receptor immunohistochemically stained slides were manually scored following the ASCO/CAP guidelines. 4, 19 All assays were scored blinded to the ready-to-use manufacturer and clinical outcome. Specifically, HER2 was scored as either 0, 1+, 2+, or 3+, and tumors were considered positive if the HER2 average of the replicate cores for each case were greater than 2. Estrogen and progesterone receptor status was evaluated following the Allred scoring method, 20 and tumors were considered positive if they had an 
Statistical Analysis
Statistical analyses were performed using Stata 12 (StataCorp LP). The kappa statistic was used to measure inter-and intra-observer agreement, as well as inter-platform comparisons. 21 The event under study was 5-year disease-free survival, defined as time from diagnosis to local recurrence, metastatic disease, or death from breast cancer. Median followup time for the cohort was 89.7 months. KaplanMeier curves were analyzed using the logrank test at 5-year disease-free survival. Cox proportional hazard regression was performed to estimate hazard ratios of estrogen receptor for 5-year disease-free survival, adjusting for lymph node status, tumor grade, tumor size, and HER2 status. Subjects were not included in the multivariate models if there were missing data for any of these variables. The proportional hazard assumptions for these models were tested by assessing log-log survival curves as well as the goodness-of-fit using the Schoenfeld residuals test. The ligand-binding assay results were used as the reference standard for calculating measures of test performance, and additional calculations were performed, comparing the ligand-binding and immunohistochemical assays, with progression on tamoxifen (5-year disease-free survival) as the reference standard. 22 
Results
Agreement
Inter-observer agreement was evaluated for all three platforms by comparing observer interpretation of each core for estrogen receptor staining between two trained researchers (Observer 1) and two expert pathologists (Observers 2 and 3), and was measured using the kappa (κ) statistic. Inter-observer interpretations on the Dako platform showed strong agreement for estrogen receptor scoring with κ = 0.89 between Observers 1 and 2, κ = 0.80 between Observers 1 and 3, and κ = 0.92 between Observers 2 and 3.
Inter-observer agreement for estrogen receptor interpretation on the Leica platform showed substantial agreement with κ = 0.67 between Observers 1 and 2, κ = 0.75 between Observers 1 and 3, and κ = 0.83 between Observers 2 and 3. Kappa values for interpretation with the Ventana staining showed the strongest agreement, with κ = 0.88 between Observers 1 and 2, κ = 1.00 between Observers 1 and 3, and κ = 0.88 between Observers 2 and 3 for estrogen receptor. Tissue microarray slides were rescored by Observers 1 and 3 after 3 months of the initial review, and intra-observer agreement was calculated for the three platforms. For Observer 1, Dako and Ventana had perfect agreement (κ = 1.00), while Leica had almost perfect agreement (κ = 0.91). For Observer 3, Leica and Ventana had perfect agreement (κ = 1.00), while Dako had almost perfect agreement (κ = 0.91).
Concordance
Estrogen receptor status for the platform-specific assays was compared as a core by core analysis, and agreement was assessed using the kappa statistic. 
Univariate Analysis of Estrogen Receptor
Cases were dichotomized into positive and negative as previously described, 4,18 and Kaplan-Meier survival curves for 5-year disease-free survival were analyzed (Figure 2 ). The logrank test was used to compare estrogen receptor-positive and -negative groups and hazard ratios were calculated to compare relative survival. All assays (ligand-binding and immunohistochemical) achieved significance with the logrank test and the hazard ratio estimates (P ≤ 0.0001).
Multivariate Analysis of Estrogen Receptor
Cox proportional hazard models were analyzed for the effect of estrogen receptor status as determined by the immunohistochemical assay for each platform, as well as the ligand-binding assay, and are presented in Table 2 . HER2 status and tumor size did not show significance, but were kept in the final multivariate model owing to clinical relevance. Estrogen receptor status determined by all assays maintained significance in the multivariate models.
Measures of Test Performance
Sensitivity, specificity, positive predictive value, negative predictive value, and accuracy were calculated for all platforms, using the ligandbinding assay results as the reference standard (Table 3 ). All ready-to-use assays were comparable with the ligand-binding assay in regards to their sensitivity, positive predictive value, and accuracy; however, the Dako assay had the strongest negative predictive value (83.3% compared with 52.4% and 70.0% for Leica and Ventana, respectively) and Ventana showed the weakest specificity (31.8% Measures of test performance were also calculated for the ligand-binding and immunohistochemical assays with disease-free survival at 5 years used as the reference standard (Table 4 ). All three immunohistochemical assays performed similar to the ligand-binding assay for sensitivity, specificity, positive predictive value, and accuracy. Interestingly, the ligand-binding assay showed the lowest ability for predicting patients who are most likely to recur (local or metastatic) or die from breast cancer (negative predictive value for ligand-binding assay 44.4% vs 51.7-68.8% for the immunohistochemical assays).
Estrogen Receptor-Negative, Progesterone ReceptorPositive Phenotype
Cases identified as estrogen receptor-negative and progesterone receptor-positive by either of the three methods evaluated in this study were identified and results from the other vendors assays, in addition to the ligand-binding assay or original immunohistochemical clinical test results, were compared (Table 5) . Leica had the highest rate of estrogen receptor-negative, progesterone receptor-positive cases (1.2%), as compared with the 0.5% seen with the Dako and Ventana assays. Of note, the estrogen receptor-negative, progesterone receptor-positive phenotype was not consistent across the various methods. 
Comparison of three commercial ER assays
Discussion
This study presents a systematic comparison of three estrogen receptor ready-to-use immunohistochemical assays using a retrospective, tamoxifen-treated, breast cancer cohort. Opting to use a ready-to-use assay for immunohistochemical testing offers increased reproducibility and standardization, minimizing potential analytical errors that can lead to incorrect test results. 8, 12, 23 In particular, ready-to-use antibodies are titrated by the vendor to ensure optimal results. This negates the need for laboratory personnel to perform rigorous titrations for each new antibody lot, and minimizes potential inter-and intra-laboratory variability (lot to lot evaluations should still be performed). Furthermore, the use of autostainers offers a more consistent and reproducible protocol than can be obtained by manual assays. Taken together, this leads to improved reliability and performance, which is extremely important for a clinically utilized assay such as the estrogen receptor, where the results are used to assist in patient management.
Estrogen receptor assays are performed by histotechnicians, whereas estrogen receptor test results are ultimately reviewed and reported by trained pathologists following established guidelines. 4 The use of ready-to-use assays provides a more consistent assay performance, which subsequently allows for increased reproducibility in reporting the results between observers. Our study assessed agreement among three observers and found that the Dako and Ventana estrogen receptor immunohistochemical assays had strong agreement (κ ≥ 0.80), while the Leica platform showed substantial inter-observer agreement (κ = 0.67, 0.75 and 0.83). These results are comparable with other groups that have evaluated inter-observer agreement for estrogen receptor immunohistochemical assays. 24, 25 To our knowledge, ours is the only study that also evaluated intra-observer agreement. Three months after initial review, Observers 1 and 3 rescored the tissue microarray slides and we found strong agreement across all platforms (κ ≥ 0.91).
We also evaluated platform concordance by core to core analysis, and saw that concordance varied between platforms (Figure 1) . Interestingly, the highest discordance rates were seen with the Leica assay (Leica and Ventana, n = 21; Dako and Leica, n = 43), whereas Dako and Ventana had only 9 discordant cases. Furthermore, the Leica ready-touse assay resulted in a greater number of estrogen receptor-negative cases (~6%), compared with the Dako and Ventana assays (~3%). The higher discordant rates with the Leica assay might be due, in part, to differences in counterstain between the platforms. It was our observation that the Leica assay had a darker overall counterstain making it difficult to notice low intensities of estrogen receptor. All observers who marked the tissue microarrays agreed that the Dako assay was preferred with regards to ease of scoring owing to the lighter counterstain, followed by the Ventana assay. The ready-to-use immunohistochemical assays for each vendor can allow for some flexibility in performing the counterstain, and we recommend that each laboratory optimize the counterstain to minimize the potential for reporting false negatives, which can occur with excessive bluing and/or hematoxylin. In addition, each platform utilized a different polymer-based detection system for visualization: the Leica platform had more intense brown staining as compared with the Dako and Ventana platforms, whose staining was generally lighter. As we did not look at the assay under different counterstain conditions, it is unknown as to whether the darker appearance of the Leica assay was a result of the detection system or the strong counterstain, or potentially both. Moreover, observer experience with the Leica assay was minimal for two of the three observers, and this may have influenced the overall visual assessment and scoring. Thus, we recommend that pathologists have ample experience and clearly defined guidelines for the clinical assay utilized in their laboratory prior to reporting results in a clinical setting.
Furthermore, the tissue fixation process, while preserving tissue morphology, alters the structure of proteins. Tissues for this study were processed in 10% neutral-buffered formalin, which leads to crosslinking as the formalin reacts with amino acids with available hydrogen sites and forms methylene bridges. 26 These cross-links can alter epitope structure, ultimately affecting antibody binding. This alteration can be reversed using heat-induced epitope retrieval, 27 and this technique is affected by pH of the retrieval solution as well as time and temperature. 28 All platforms investigated had unique heat-induced epitope retrieval methods optimized for their specific assay; however, this introduces another potential source of discordance.
Finally, all vendors used different antibodies, which is another potential source of discordance in our study. Each antibody recognized a different epitope: 6F11 (Leica) and 1D5 and ER-2-123 (Dako) recognizes the N-terminus, whereas SP1 (Ventana) recognizes the C-terminus. 5, 23, [29] [30] [31] [32] Specifically, 6F11 and ER-2-123 binds within the sequence of amino acids 15-23, 1D5 within the amino acid region 127-130, and SP1 binds an epitope within the sequence of amino acids 578-595. Despite some discordance between the assays (Figure 1 ), all assays performed similarly on univariate analysis ( Figure 2 ) and maintained significance in the multivariate models (Table 2) , suggesting functional equivalence of the ready-to-use assays.
Our final assessment involved determining standard measures of test performance-sensitivity, specificity, positive predictive value, negative predictive value, and accuracy. All assays had strong sensitivity, positive predictive value, and accuracy when the ligand-binding assay was set as the reference measure (Table 3) . Leica had a substantially lower negative predictive value, in accordance with the higher number of estrogen receptor-negative cases seen compared with the Dako or Ventana assays. This has potential clinical significance as use of this assay may result in endocrine treatment not being offered to patients who may yield some benefit. To obtain a better understanding of the clinical relevance of this finding, we repeated the measures of test performance using 5-year diseasefree survival as the reference standard. All assays (ligand-binding and the ready-to-use immunohistochemical assays) had high sensitivity, positive predictive value, and accuracy (Table 4 ). In addition, all had relatively low specificity. This result is not surprising, as it is known that one-third of patients who are estrogen receptor-positive are inherently resistant to endocrine therapy, and furthermore, 30-40% of initial responders develop endocrineresistant disease. 33 The differences between the assays for negative predictive value are not as dramatic when 5-year disease-free survival is utilized as the reference standard compared with the ligand-binding assay; however, Dako and Ventana notably perform better than the ligand-binding or Leica assay (68.8% and 64.3% vs 44.4% and 51.7%, respectively). The Calgary cohort includes patients who were given tamoxifen despite being hormonenegative, and the negative predictive value results suggests that these assays may miss patients who would benefit from tamoxifen treatment. It would be interesting to investigate whether alternate methods, Comparison of three commercial ER assays such as RT-PCR, for assessing estrogen receptor may improve the negative predictive value, and this warrants further investigation.
The discordance seen between the varying estrogen receptor assays brought forward an important clinical implication for patient management: are we potentially undertreating patients based on current methodology for assessing estrogen receptor status? Alternatively, are we potentially exposing patients who are falsely classified as estrogen receptornegative to unnecessary toxicity with chemotherapy? To explore this further, we looked at the 5-year disease-free survival status of all cases where estrogen receptor status was classified as negative by at least one of the assays, and conversely was found to be estrogen receptor-positive by an alternate assay. What we discovered was that only 21% of cases had poor outcome at 5 years (data not shown), suggesting that current methods may indeed be missing patients who would benefit from an endocrine treatment. Our sample size for this exploration was small and further studies should be completed; nonetheless, these findings argue that estrogen receptor-negative patients may benefit from retesting their estrogen receptor status using an alternate method.
It is also important to note that cytoplasmic/ background staining was noticed in some of the tissue cores (eg, Figure 1d , Ventana), often in highly estrogen receptor-positive cases (Allred = 8) . Notes were taken during the scoring process and we subsequently explored whether this was more pronounced in one system over another. We found that cytoplasmic/background staining was consistent between cases across the various assays investigated, and not unique to one specific ready-to-use assay. The potential implications of cytoplasmic/background staining was not explored further and is beyond the scope of this study.
As this was the first study to assess estrogen and progesterone receptor immunohistochemistry using three different ready-to-use assays on the same cohort of patients, we also wanted to further explore the estrogen receptor-negative, progesterone receptor-positive phenotype. We found that incidence of estrogen receptor-negative, progesterone receptor-positive varied across the platforms, with a rate of 0.5% (Dako and Ventana) vs 1.2% (Leica). Previous studies have reported an estrogen receptornegative, progesterone receptor-positive rate between 1.5 and 10%. 3, 20, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] The methods used to determine estrogen and progesterone receptor status varied between these studies, with ligandbinding and laboratory-developed assays predominantly utilized. Of the more recent studies, the range of estrogen receptor-negative, progesterone receptorpositive is 1.5-4.0%; however, almost all of these studies were based on laboratory-developed assays. Interestingly, we found that there was not one case in which estrogen receptor-negative, progesterone receptor-positive expression was consistent across all three assays investigated (Table 5 ). This may be a consequence of all antibodies having different recognition areas on the receptor, as previously discussed. There was one study in which no cases of estrogen receptor-negative, progesterone receptorpositive were reported; 45 this study utilized the 1D5 antibody clone for estrogen receptor and they suggest that estrogen receptor expression using this monoclonal antibody is an 'all-or-none phenomenon'. Although we also investigated 1D5, it was cocktailed along with ER-2-123 (Dako), and we are unable to deny or verify this statement. More recently, another group that found a rate of estrogen receptor-negative, progesterone receptor-positive of 1.8% in a retrospective review retested the 43 samples in question and found that repeating the testing showed that no cases were confirmed to carry this hormone receptor expression pattern: 40 24 samples were found to be estrogen receptorpositive, progesterone receptor-positive; 4 estrogen receptor-positive, progesterone receptor-negative; and 15 estrogen receptor-negative, progesterone receptor-negative after retesting the archival specimens. We found that of the seven cases in our cohort identified as estrogen receptor-negative, progesterone receptor-positive by one of the assays, five were estrogen receptor-positive, progesterone receptorpositive and two cases were estrogen receptornegative, progesterone receptor-negative by alternate methods. Our results, in conjunction with Maleki et al, 40 suggest that any clinical specimen reported to be estrogen receptor-negative, progesterone receptorpositive should be retested by an alternate assay that utilizes different antibody clones.
This study was based on tissue microarray analysis, which could lead to higher rates of false negatives due to sampling errors, potentially affecting the univariate and multivariate statistical analysis, as well as the measures of test performance. In addition, this was a retrospective analysis, resulting in missing data that reduced the overall sample size for analysis. The highest rate of missing data was 28%; however, most variables had less than 15% (Table 1 ). Nevertheless, we were able to obtain high quality data that have undergone two separate audits to ensure accuracy and minimize transcriptional and logical errors. Also, the cohort was not a representative sample of all Calgary patients during the time period. Selection was initially based on patient treatment (tamoxifen), and was enriched for patients with poor outcomes and estrogen receptor positivity; however, this selection criteria allows for greater power for detection of response to tamoxifen treatment. Also, this cohort does contain some estrogen receptor-negative patients that received tamoxifen, increasing its utility and value. Furthermore, final tissue microarray construction was based on the availability of archival tissue blocks, and preanalytical variables could not be accounted for. All cases in this cohort were collected prior to the development of the ASCO guidelines for controlling pre-analytical variation in fixation.
In conclusion, despite some discordance seen between the vendor-specific estrogen receptor assays, all immunohistochemical assays were comparable with or superior to the ligand-binding assay, validating their continued use in the clinical laboratory. It is still important to remember that adoption of ready-to-use assays still requires verification in accordance to current ASCO/CAP guidelines, 4, 46 and furthermore, that counterstain should be optimized for each assay. Optimization of counterstaining is not addressed in current guidelines, and should be performed by the laboratory in collaboration with site pathologists. In addition, involvement in high quality proficiency testing programs, such as UK-NEQAS, which evaluate the counterstaining of the assay, can assist in ensuring optimal counterstaining appropriate for a given assay.
